Differentiating treatment-induced necrosis from tumor recurrence is a central challenge in neuro-oncology. These 2 very different outcomes after brain tumor treatment often appear similarly on routine follow-up imaging studies. They may even manifest with similar clinical symptoms, further confounding an already difficult process for physicians attempting to characterize a new contrast-enhancing lesion appearing on a patient's follow-up imaging. Distinguishing treatment necrosis from tumor recurrence is crucial for diagnosis and treatment planning, and therefore, much effort has been put forth to develop noninvasive methods to differentiate between these disparate outcomes. In this article, we review the latest developments and key findings from research studies exploring the efficacy of structural and functional imaging modalities for differentiating treatment necrosis from tumor recurrence. We discuss the possibility of computational approaches to investigate the usefulness of fine-grained imaging characteristics that are difficult to observe through visual inspection of images. We also propose a flexible treatment-planning algorithm that incorporates advanced functional imaging techniques when indicated by the patient's routine follow-up images and clinical condition.
T he current treatment regimen for patients with brain tumor typically involves a combination of surgery, radiation, and chemotherapy that is based on tumor histology and location. Radiation and chemotherapy can be used alone to eradicate malignant tumors or as adjuvant therapies to prevent recurrence after surgical resection of a tumor. Although these therapies are effective treatment for brain tumors, they also carry the risk of deleterious effects on the surrounding healthy tissue resulting in treatment-induced tissue necrosis. The appearance of treatment-induced tissue necrosis on conventional imaging and its associated clinical symptoms are very similar to brain tumor recurrence, and therefore, it is difficult to differentiate between the 2 outcome types during patient follow-up. Furthermore, a new contrast-enhancing lesion observed on follow-up imaging is often a mixture of necrotic tissue and growing tumor, and this adds to the complexity of lesion characterization. It is crucial for clinicians to be able to determine the etiology of a lesion observed on follow-up imaging because the management strategies for tumor recurrence and treatment necrosis are different. This information is also critical for providing vital prognostic information to patients.
Biopsy is the most reliable method for differentiating treatment necrosis from tumor recurrence; however, brain tumor biopsies are expensive and carry the risks associated with surgery. Furthermore, any surgical intervention further deteriorates the quality of life for patients already undergoing aggressive treatment of their primary cancer; in patients with treatment necrosis, a biopsy would pose an unnecessary risk and negatively impact their lives. Therefore, there is significant interest in developing noninvasive methods that could determine whether a contrast-enhancing area is attributable to treatment necrosis or tumor recurrence. Such methods could potentially reduce the number of surgeries performed on benign lesions, which would reduce health care costs, increase patient survival, and improve quality of life. In cases of severe radiation-induced necrosis that require surgery to reduce mass effect, noninvasive methods can be used to guide biopsy or tissue sample collection from the region. Several imaging techniques have been evaluated for this purpose. Structural imaging methods that primarily provide anatomical information, such as magnetic resonance imaging (MRI), are routinely used in the clinical setting to follow and monitor patients with brain tumor; however, they suffer from limitations in differentiating treatment necrosis from tumor recurrence. 1 -7 Functional imaging techniques have been extensively investigated with high sensitivities reported for differentiating between tumor recurrence and treatment necrosis. The purpose of this review is to discuss the utility of structural and functional imaging with special focus on the limitations faced by these imaging techniques for accurately differentiating between tumor recurrence and treatment necrosis. We discuss the potential for quantitative analyses of finegrained imaging characteristics that are difficult to observe by manual inspection of images to address this problem. We also propose a flexible treatment-planning algorithm for patients with brain tumor that uses functional imaging when indicated by routine follow-up images and the patient's clinical condition.
Treatment-Induced Tissue Necrosis and Pseudoprogression
Radiation therapy is an integral part of the current treatment regimen for brain tumors. Classically, the biological and clinical adverse effects of radiation therapy can be classified into 3 types based on time of occurrence and clinical presentation: acute, early-delayed, and latedelayed radiation damage. 8 Acute and early-delayed radiation effects occur within the first 3 months after initiation of radiation therapy and are associated with clinical symptoms, such as headache, nausea, and somnolence, which likely result from increased intracerebral pressure. These early radiation effects are believed to result from vasodilation, blood-brain barrier disruption, and edema. 9 Unlike acute effects, which typically do not manifest with abnormal findings on MRI, early-delayed effects may appear as nonenhancing white matter T2-signal hyperintensities and new or enhancing contrast-enhancing lesions in proximity to the irradiated tumor site on imaging. 1 Both acute and early-delayed effects typically spontaneously resolve and do not require additional treatment. The symptoms of acute and early-delayed radiation effects can often be effectively treated with corticosteroids, when necessary.
Late-delayed radiation effects, on the other hand, may occur 3 months to years after radiation treatment, are often progressive, and may require additional intervention to mitigate their effects. 10 Radiation necrosis is a common late-delayed radiation effect originating from severe brain tissue reaction to radiation therapy that results in endothelial apoptosis and neuroinflammation. It has increased incidence in white matter and manifests on conventional imaging similar to a malignant tumor with contrast enhancement, edema, and mass effect. The symptoms of radiation necrosis may significantly vary from being nearly asymptomatic to significant neurological deficits. The incidence of radiation necrosis is 3% -24%, with its occurrence directly related to radiation dose, overall treatment duration, and irradiated brain volume. 8,11 -14 A significant increase in the risk of developing treatment necrosis has been reported when the total radiation dose exceeds 64.8 Gy. 15 The concurrent and adjuvant use of chemotherapy has been shown to improve survival among patients with brain tumor. However, its concurrent use with radiation therapy has been reported to increase the risk of developing tissue necrosis by at least 3-fold. 12 -14 This is partially attributable to the breakdown of blood-brain barrier by radiation injury, which enhances the effectiveness of chemotherapeutic agents and causes unintended injury to tissue surrounding tumor. However, the exact contribution of chemotherapy in developing tissue necrosis is unclear, and therefore, we refer to this combined effect of radiation and chemotherapy as treatment necrosis.
Similar to radiation necrosis, another clinical phenomenon that mimics early tumor recurrence on conventional imaging and presents a significant diagnostic dilemma to physicians is pseudoprogression. Pseudoprogression is defined as a transient period of apparent radiographic deterioration around the time when early-delayed radiation effects are expected. This may often get misinterpreted as early tumor recurrence. Pseudoprogression is also sometimes associated with worsening of neurological deficits, which further complicates its discrimination from early tumor recurrence. When using concurrent chemotherapies, such as temozolomide (TMZ), development of radiation necrosis is more likely and often occurs sooner during the early-delayed period. Therefore, researchers have interchangeably used the terms treatment necrosis and pseudoprogression in the literature. However, pseudoprogression is different from radiation necrosis, because these lesions and associated clinical symptoms recover spontaneously. defining disease progression, thereby requiring appropriate adjustments in the imaging criteria, as discussed in the next section.
Structural Imaging
Structural imaging methods, such as MRI and CT, provide information about brain structure and are interpreted on the basis of observed gross anatomical changes. Structural imaging with and without contrast media is widely used in the clinical setting for treating patients with brain tumor.
MRI
MRI is the most widely used structural imaging technique for the initial diagnosis and follow-up monitoring of brain tumors because of its high sensitivity and ability to provide detailed information about brain structures. On MRI, malignant brain tumors are typically characterized by intravenous contrast enhancement, mass effect, and associated vasogenic edema. 17, 18 However, treatment necrosis also presents with similar characteristics, making it difficult to reliably distinguish from tumor recurrence. Figure 1 shows the similar appearance of treatment necrosis and tumor recurrence on routinely collected structural MR sequences. Some of the imaging features most commonly reported to be shared by tumor recurrence and treatment necrosis include (1) origin near the primary tumor site, (2) contrast-agent enhancement, (3) vasogenic edema, (4) growth over time, and (5) mass effect. 1 -3,19 Other less common features have also been reported to describe lesions stemming from treatment necrosis and tumor recurrence (Table 1) . Features such as conversion from a nonenhancing to an enhancing lesion after radiation therapy, 1 lesions appearing distant from the primary resection site, 1 corpuscallosum or peri-ventricular white matter involvement, 1,3,19 -24 and "Swiss cheese" or "soap bubble" shape patterns 1 have been suggested to favor treatment necrosis over tumor recurrence. However, others 2 failed to validate these findings and even reported some contradictory results. It has also been suggested that a combination of multiple features offers more statistical power than individual features.
Although several studies have reported features specific to either treatment necrosis or tumor recurrence, no feature or combination of features has been established as a reliable discriminator between these 2 outcomes. This suggests that MRI offers only limited power to differentiate between these 2 outcomes, because there is significant overlap among their gross radiologic features. However, the relatively small sample sizes that were used in most studies could explain some Fig. 1 . Ambiguities involved in differentiating between tumor recurrence and treatment necrosis based on routinely collected structural imaging sequences: T1 with Gadolinium contrast (T1-post Gad), T2-weighted images, and fluid attenuated inverse recovery (FLAIR). (A, B, C) T1-post Gad, T2-weighted, and FLAIR images of histopathologically confirmed case of glioblastoma recurrence, respectively. The patient underwent surgical resection of right temporal lobe tumor, followed by combined temozolomide/radiation therapy. (D, E, F) T1-post Gad, T2-weighted, and FLAIR images of pathologically proven case of treatment necrosis. The patient underwent surgical resection of right parietal oligodendroglioma, followed by combined chemotherapy (Avastin) and radiation therapy.
of the inconsistencies across studies; future studies should use larger sample sizes to identify features that can distinguish between tumor recurrence and treatment necrosis and validate their statistical significance. Moreover, the confounding effects of additional treatment modalities, such as immunotherapy, antivascular therapy, and gene therapy, must be considered when investigating image features for differentiating between tumor recurrence and treatment necrosis. These affect the degree of contrast enhancement observed on MRI and may result in misdiagnosis of tumor recurrence, a phenomenon often termed pseudoresponse.
The limited power of structural MRI in differentiating among clinical phenomena, such as pseudoprogression, tumor progression/recurrence, and pseudoresponse, have highlighted some limitations of the Macdonald criteria, 25 which is the most widely used criteria for determining tumor response and progression after therapy. An international effort by the Response Assessment in Neuro-Oncology working group recently updated the Macdonald criteria to address some of these limitations. To avoid misinterpretation of pseudoprogression as early tumor recurrence, the updated criteria define disease progression (tumor recurrence) within the first 3 months (early-delayed time period) only if the new enhancement is observed outside the radiation field or if any histopathological confirmation exists. 26 Likewise, to avoid misdiagnosis of tumor recurrence during anti-angiogenic therapy, the updated criteria define disease progression as the enlargement of nonenhancing T2-hyperintense lesions. 26 Despite these modifications, the ability of imaging criteria to accurately differentiate between tumor recurrence and treatment necrosis is limited because of the overlap in their MRI features and time of occurrence. The inclusion of clinical data and functional imaging techniques in this criterion may potentially help improve specificity in the detection of tumor recurrence.
CT
CT also suffers from similarity of gross characteristics between the 2 outcome types. 4 -6 The following characteristics have been reported to characterize both radiation-induced adverse effects and tumor recurrence on CT: (1) diffuse hypo-intensity of the white matter extending into and compressing the overlying cortex likely caused by edema, (2) enhancing focal areas of lucency suggesting necrosis, (3) irregular and/or extensive contrast enhancement, and (4) mass effect. 5, 7 Moreover, in metastatic tumors, the size of postsurgical contrastenhanced regions may not increase over time and, as a result, may be misinterpreted as a case of treatment necrosis when it is in fact tumor recurrence. 27 -30 Therefore, CT remains limited both by its relatively low power to differentiate between treatment necrosis and tumor recurrence and its use of ionizing radiation that generates patient safety concerns.
Functional Imaging
Functional imaging has been extensively evaluated for differentiating between tumor recurrence and treatment Table 1 . Structural imaging (MRI and CT) features reported for differentiation between treatment necrosis (TN) and recurrence tumor (RT).
Study
Features on structural imaging Number of patients
Treatment necrosis
Kumar et al.
1
-Conversion from non-enhancing lesion before irradiation to enhancing focus post radiation therapy.
-Enhancing focus at a distance from original glioma site.
-Enhancement or no-enhancement in peri-ventricular white matter, particularly capping ventricles or within corpus callosum.
-New enhancing lesion exhibiting soap bubble or Swiss cheese pattern.
(TN-20, RT+TN-16)
Curnes et al.
3
-Scalloped appearance reflecting damage throughout the white matter including the arcuate (U) fibers.
-Asymmetric less extensive irregular peri-ventricular signal.
(TN)
Chan et al. 19 -Extent of white matter lesions greater than that of gray matter lesions.
-Blood brain barrier disruption based on parenchymal contrast enhancement.
-Hemosiderin deposition.
Tsuruda et al.
22
-High signal symmetric foci in the periventricular, supratentorial white matter.
-Often remote from tumor site.
(TN)
Tumor Recurrence
Mullins et al.
2
-Multiple enhancing lesions + corpus callosum involvement with sub-ependymal spread.
-Involvement of corpus callosum with crossing of the midline + multiple enhancing lesions.
(RT-15, TN-12)
*RT+TN indicates lesions with a mixture of RT and TN. /s), assuming isotropy along each direction of movement. 31 -34 The movement of water molecules can be restricted by several intracellular structures, such as membranes, organelles, and cytoskeletal components, and therefore, water molecules diffuse more slowly in intracellular space than in extracellular space. Pathological processes, such as tumor growth, edema, and necrosis, result in the loss of intracellular structures and, therefore, elevate ADC values relative to normal brain tissue. 32, 35, 36 Tumor recurrence has greater cellularity than treatment necrosis, and therefore, lower ADC values are expected, compared with treatment necrosis. However, the ADC values reported thus far are somewhat inconsistent ( Table 2 ). The majority of studies have reported lower ADC values in tumor recurrence than in treatment necrosis. 31,32,37 -41 However, one study reported significantly higher ADC values in tumor recurrence than in treatment necrosis, 42 which could be attributable to greater extracellular space or necrotic regions within high-grade tumors.
The ADC values in treatment necrosis can also be lower because of scarring (from gliosis or fibrosis) within the lesion, whereas edema can elevate the ADC values, 42, 43 possibly because of pure vasogenic edema, which would have greater water-molecule mobility, compared with edema associated with tumor recurrence. The effects of infiltration and proliferation have also been noted to confound the straightforward interpretation of ADC values. 44 Mean ADC values inside the lesion have limitations in differentiating among pure tumor recurrence, pure treatment necrosis, and mixture of both etiology types. However, ADC histogram analysis may reveal additional information that can help identify a mixture of necrosis and recurrence. Figure 2A shows an ADC map with marked region of interest outlining the lesion extent on the image slice, which is determined using structural images. High ADC values and low choline peak observed on MR spectroscopy led to a misinterpretation of treatment necrosis; the case was later pathologically confirmed to contain tumor recurrence. The low choline and high ADC values can be attributable to a mixture of recurrence and treatment necrosis present inside the lesion. An ADC histogram fitted with a 2-component normal mixture model reveals 2 centers (Fig. 2B ), corresponding to tumor recurrence and treatment necrosis.
FA
FA captures the directionality of diffusion inside the tissue. 35,42,43,45 -47 FA values are typically high in healthy, normal white matter, because water molecules rapidly diffuse parallel to the white matter tracts. 48 White matter abnormalities that cause the loss of axonal organization produce lower FA and higher ADC values. 46, 48 However, other factors, such as vascularity, cellular density, and fiber structure, can also affect FA values. Although FA values have been used to differentiate among different tumor grades, 33, 34 few studies justify its use for differentiating tumor recurrence from treatment necrosis. Generally, lower FA values are expected in a growing tumor, in which the surrounding fibers and supporting cells are disrupted, thereby altering water diffusion; however, higher FA values have been reported to characterize high-grade tumors. 35, 45 Treatment necrosis, which causes loss of cell structures and normal fibers, should produce even lower FA values than should tumor recurrence. A case report by Kashimura et al. 47 reported lower FA value (0.17) in a case of treatment necrosis than 2 cases of tumor recurrence (0.29 and 0.27). Xu et al. 37 reported similar findings in a later study. In contrast, Sundgren et al. 42 reported no significant differences in FA values between tumor recurrence and treatment necrosis, although it was observed that the FA values in the normal-appearing white matter adjacent to perilesional edema were higher in recurrent tumors than in treatment necrosis. This possibly resulted from pure vasogenic edema in treatment necrosis having greater isotropic water diffusion than the edema associated with recurrent tumor.
Diffusion imaging largely remains in an exploratory stage, and its potential clinical usefulness for differentiating between tumor recurrence and treatment necrosis remains to be comprehensively evaluated. As such, the technology has several limitations that must be overcome before it can be routinely used in clinical practice. First, the measurements obtained, especially ADC values, significantly vary with scanner type and magnetic field strength. 31,32,37 -39,42,47 Some studies have proposed normalizing lesion ADC values relative to the ADC values in the surrounding normal tissue; however, significant variations in ADC ratios have still been reported across different studies when incorporating this correction. Therefore, it will be difficult to establish a universal threshold that differentiates treatment necrosis from tumor recurrence. One important source of variation when estimating ADC is diffusion weighting, or the b-value. Typically, 2 b-value images are required to estimate ADC inside the voxels. The use of very low (,200 s/mm 2 ) and very high b-values (.2000 s/mm 2 ) is discouraged for ADC estimation. 49, 50 A low b-value introduces perfusion errors that result in overestimation of the ADC values. A high b-value, on the other hand, is theoretically more desirable for obtaining better contrast and is feasible by moderate increases in the echo time (TE) because of its (time) 3 dependence. However, the signal-to-noise ratio (SNR) becomes a limiting factor because of signal loss at high b-values, and therefore, moderately high b-values are recommended ( 1000 s/mm 2 ). Uniformity of the b-values from different acquisitions is important to ensure the standardization of the estimated ADC values. 51 In contrast, no significant changes in FA values are observed when different b-values are considered. 52 Second, the effects of common processes, such as necrosis, gliosis, fibrous scar tissue formation, and tissue granulation on ADC or FA values, are not well understood. DTI also estimates FA and has shown promise in differentiating between treatment necrosis and tumor recurrence. However, further investigations with larger sample sizes are required to validate the use of FA for this application. Third, there are limitations for diffusion imaging to resolve lesions with a mixture of recurrence and treatment necrosis, because the mean ADC and FA values are easily skewed, which may result in misinterpretation. This can potentially be dealt with by increasing the b-value, which improves the contrast resolution to detect subtle differences in diffusion between regions of necrosis and recurrence inside the lesions. However, there is significant signal loss at higher b-values, which typically has to be compensated for by decreasing spatial resolution. Additional serious limitations that need to be considered are the long scan times, low SNR, and inferior resolution of diffusion imaging.
Perfusion Imaging

MR Perfusion
The use of perfusion imaging as a tool to differentiate between tumor recurrence and treatment necrosis has been explored. 53 -60 Tumor recurrence is associated with the formation of complex networks of abnormal blood vessels with increased permeability around the tumor site that appear as regions of hyperperfusion with higher blood volume. Treatment necrosis, on the other hand, is associated with regions of reduced perfusion because of treatment-induced vascular endothelial damage and coagulative necrosis. The following sections focus on the application of the 2 most widely used MR perfusion methods: dynamic susceptibility-weighted contrast-enhanced (DSC) MR imaging and dynamic contrast-enhanced (DCE) MR imaging for differentiating between tumor recurrence and treatment necrosis.
DSC MR Imaging.-DSC-MRI relies on the T2* signal drop caused by the susceptibility effect of gadoliniumbased contrast agents in brain tissue. The drop in signal correlates with the concentration of the contrast agent and can be used to measure the hemodynamic parameters. The hemodynamic characteristics of the tissue are quantified using 3 measures: relative cerebral blood volume (rCBV), relative peak height (rPH), and percentage of signal-intensity recovery (PSR).
rCBV. rCBV has been consistently reported to be promising for differentiating between tumor recurrence and treatment necrosis (Table 3) . 58, 61, 62 Abnormal and highly permeable blood vessels growing around the site of a recurrent tumor result in higher rCBV values than in normal brain tissue. 54 -56,58,63,64 In contrast, treatment necrosis hinders blood flow and is associated with lower rCBV values. Kim et al. 54 and Prat et al. 65 reported that DSC-MRI using rCBV is superior to PET for differentiating tumor recurrence from treatment necrosis; however, additional studies are needed to validate these findings.
rPH. rPH is defined as the maximum change in signal intensity during the transit period of a contrast agent. rPH can be used to quantitatively measure tumor vasculature and has been reported to strongly correlate with rCBV. 56, 61, 62 Higher rPH values are expected to be associated with tumor recurrence, because progressing tumors have greater vasculature than does treatment necrosis. rPH has been used in conjunction with rCBV to differentiate between tumor progression and treatment necrosis. 55, 56 PSR. PSR measures the degree of contrast agent leakage through the tumor microvasculature and, thus, directly reflects capillary permeability. Growing tumors recruit abnormally formed and leaky blood vessels that are expected to increase vascular permeability and, thus, lower PSR values. PSR should therefore be lower in tumor recurrence than in treatment necrosis, and it has been suggested to be the most powerful perfusion imaging variable for distinguishing tumor recurrence from treatment necrosis. 55, 56 Two separate studies reported high sensitivity and specificity using PSR for differentiating tumor recurrence from treatment necrosis. 55, 56 The quantification of microvasculature leakage also provides important insight into underlying biology of a growing tumor. 56, 66 Other parameters, such as lesion enhancement rate, have been less widely investigated to differentiate between tumor recurrence and treatment necrosis. 54, 59 In comparison to other MR perfusion techniques, DSC-MRI has several advantages, such as better SNR, shorter scan times, ease of use, and greater availability in commercial scanners. These advantages make DSC-MRI the most widely used perfusion technique for the brain. The DSC-MRI hemodynamic parameters are typically obtained from the integral of the time susceptibility curve or by fitting a gamma-variate function, which eliminates the tracer recirculation effects. However, breakdown of the blood-brain barrier introduces errors in the calculation of the hemodynamic parameters. To reduce such errors, the pulse sequence parameters are often optimized to minimize the T1 effects.
67 DSC-MRI has been extensively studied and is reported to have promise for differentiating between tumor recurrence and treatment necrosis. Although DSC-MRI has several advantages over other MR perfusion techniques, it suffers from being highly sensitive to susceptibility artifacts, and therefore, its application in patients with hemorrhages, calcifications, or surgical clips is limited. DCE MR Imaging.-DCE-MRI uses a rapid sequence of T1-weighted images to measures changes in signal intensity as a bolus of contrast agent passes through a brain tumor. The tumor signal intensity in DCE-MRI reflects a combination of factors, including overall perfusion, vascular permeability, and extracellular volume. The following quantitative hemodynamic parameters are measured in DCE-MRI: volume transfer of contrast between the blood plasma and extracellular space (K trans ), extravascular extracellular space (V e ), and area under the curve (iAUC). There are very few reports in the literature that describe the application of DCE-MRI to the problem of differentiating between tumor recurrence and treatment necrosis.
68,69 K trans represents the permeability of the tumor vasculature and has been shown to be higher in tumor recurrence than in treatment necrosis.
68 Some non-model-based semiquantitative indices derived from DCE-MRI have been reported to attain statistical significance when differentiating between tumor recurrence and treatment necrosis. 69 Although it is difficult to derive a physiological basis for these indices, a direct correlation with K trans has been reported. 70 iAUC provides insight into the kinetics of contrast agent accumulation by integrating the concentration of the agent observed in brain tissue over time. Because of the vascular dilation present in treatment necrosis, the iAUC values have been reported to be higher for treatment necrosis than for tumor recurrence. Extracellular volume (V e ) has also been investigated, but no statistically significant differences have been reported between the 2 lesion types. 68 The quantification of hemodynamic parameters in DCE-MRI is complex and error prone, 71, 72 mostly because of the nonlinear relationship between the T1-weighted signal intensity and contrast agent concentration 71,73 -75 and the complex pharmokinetic models required for estimating these parameters. The most widely used model is the Tofts-Kermode model; 72 however, this model results in significant errors when estimating the hemodynamic parameters because of the incorrect assumption that the observed signal changes are a direct result of extravasated contrast agent within the extracellular space. Currently, no Food and Drug Table 3 . Reported hemodynamic parameters (mean + standard deviation), significance levels (P value), and accuracy (sensitivity, specificity) for differentiating between treatment necrosis (TN) and recurrent tumor (RT).
Study
Hemodynamic Parameters Sensitivity Specificity Number of patients Administration-approved commercial software exists for quantification of DCE-MRI parameters. This is a big hurdle in the application of DCE-MRI for clinical neuroimaging purposes. Another problem that limits the use of DCE-MRI for clinical neuroimaging is the poor temporal resolution and limited region of lesion coverage because of the short acquisition times. The pilot studies investigating the use of DCE-MRI have shown promise for differentiating between tumor recurrence and treatment necrosis. In addition to its limitations, DCE-MRI has some advantages over the more widely used DSC-MRI, such as better spatial resolution that allows more accurate characterization of the vascular microenvironment of the lesion and robustness to the presence of susceptibility artifacts. The higher spatial resolution is significant for resolving cases with a mixture of recurrence and treatment necrosis.
CT Perfusion
CT perfusion has been reported to differentiate tumor recurrence from treatment necrosis with reasonable accuracy. 76 -78 It has some advantages over MR imaging: (1) CT scanners are more widely available; (2) unlike MR scanners, CT scanners do not suffer from magnetic susceptibility artifacts; and (3) CT is less prone to errors when quantifying hemodynamic parameters because of the linear relationship between tissue attenuation and contrast agent concentration and the presence of an arterial input function. CT perfusion has been reported to be promising for differentiating tumor recurrence from treatment necrosis; however, its clinical use remains limited because of its use of ionizing radiation, the toxicity associated with the iodinated contrast agents, lower resolution, and limited image-slice volumes. MR perfusion can be easily obtained as an additional sequence to a standard structural MRI. Perfusion CT, on the other hand, would require an additional imaging session in a different scanner, and these requirements further limit its feasibility for use in the clinical setting. CT perfusion is also incapable of imaging regions outside the preselected slice(s), and therefore, the data obtained from a single scan do not permit reconstruction of other imaging planes for a more detailed study; PET or MR perfusion does not suffer from this problem.
Magnetic Resonance Spectroscopy
Magnetic resonance spectroscopy (MRS) measures the relative compositions of various metabolites, most commonly including N-acetylaspartate (NAA), choline, creatine, lipid, and lactate.
1 H is the most commonly used nuclei in MRS, because it provides a much higher SNR than do other nuclei (e.g. 23 Na and 31 P). MRS has been widely used to grade tumors; the grades based on MRS signals have been reported to correlate with histological outcomes. 65,79 -81 A malignant tumor is often associated with lower levels of NAA and creatine, higher levels of choline and lactate, and different lipid compositions, compared with normal tissue. 65,81 -84 MRS has been reported to be particularly promising for differentiating between treatment necrosis and tumor recurrence. Early MRS had low spatial resolution and an inability to accurately classify cases of mixed tumor recurrence and treatment necrosis; 32,85 -89 however, multivoxel approaches (chemical shift imaging) appear to more accurately differentiate tumor recurrence from treatment necrosis. 32,88 -92 NAA, Choline, and Creatine Ratios MRS (Table 4) has been reported to accurately classify lesions as treatment necrosis or tumor recurrence on the basis of the ratios of NAA, choline, and creatine. Several studies have reported significantly higher choline to creatine and choline to NAA ratios in tumor recurrence than either the surrounding normal white matter or lesions resulting from treatment necrosis; 39, 81, 86, 91, 93, 94 other studies have reported that NAA to creatine ratios are lower with recurrent tumor than normal appearing white matter. 39, 86, 91, 93, 95 Treatment necrosis, on the other hand, has been reported to show decreased NAA and variable changes in choline and creatine intensities over time. 32,85 -88,96 -99 For example, choline has been reported to increase during the first few months after radiation therapy 98, 99 and then decrease as treatment necrosis begins to appear. 32 The few multivoxel studies conducted thus far have reported abnormal metabolic spectra beyond the contrast enhanced area 90, 91, 100, 101 that may be useful for detecting the extent of tumor infiltration into the surrounding brain tissue. Such information could be used to customize a patient's treatment plan and would be extremely useful for more targeted radiation therapy to reduce the risk of undesirable treatment necrosis.
Lipid and Lactate
Lipid and lactate are released with cell destruction and, therefore, are typically absent in normal brain tissue. The ability of lipid and lactate concentration to differentiate between tumor recurrence and treatment necrosis has been investigated, with variable success being reported in literature. An increased amount of lipid and lactate can be found inside regions of treatment necrosis, when compared with pure tumor recurrence with no necrosis. However, a recurrent tumor often contains areas of necrosis and, therefore, shows elevated levels of lipid and lactate similar to treatment necrosis. A few studies have reported that lipid to creatine, lactate to creatine, and lactate to choline metabolite ratios can differentiate between tumor recurrence and treatment necrosis; 32, 39, 79, 95 however, it is suspected that these studies considered only pure tumor recurrence, with no tissue necrosis in their studies. This suspicion is supported by studies that have reported no significant differences in signal intensities of lipid or lactate between tumor recurrence and treatment necrosis. 86, 91 Cerebrospinal fluid and cysts can also contain lactate products and may lead to incorrect interpretation based on elevated lipid and lactate levels.
MRS has low spatial resolution and SNR. Although 3-dimensional MRS imaging may address this problem, to date, no 3-dimensional MRS study has conclusively demonstrated that this approach can reliably differentiate tumor recurrence from treatment necrosis. Another major limitation of MRS is the low reproducibility of the measurements. MRS requires a large number of acquisitions to achieve sufficient SNR because of the low metabolite concentrations. This results in long scan times, which in turn, result in considerable degradation of the average metabolite spectrum because of subject movement and physiological motion. Other factors that cause variability in MRS measurements include low SNR, acquisition variability, biological variability, and inaccurate voxel relocalization while spectrum averaging. The 2 most widely used Table 4 . Reported MR spectroscopy parameter values (mean + standard deviation), significance levels (P value), and accuracy in differentiating between treatment necrosis (TN) and recurrent tumor (RT).
Study
Lesion pulse sequences for MRS are point-resolved excitation spin-echo sequence and the stimulated echo acquisition mode (STEAM) technique. Point-resolved excitation spin-echo sequence acquisitions are faster and have better SNR than STEAM. However, STEAM provides better baseline spectral measures for the metabolites. Other factors that limit the clinical use of MRS are long scan times, high cost, and no insurance coverage.
102
Similar to diffusion and perfusion imaging, MRS also shows significant variability in metabolite ratios across studies, making universal interpretations difficult. Figure 3 shows a patient with glioblastoma in the right temporal lobe who underwent surgical resection and developed a new contrast-enhancing lesion on follow-up. MRS inside the lesion (Fig. 3A) showed a lack of elevated choline peak, with normal spectra observed outside the lesion (Fig. 3B ). This suggested a case of treatment necrosis; however, pathological verification proved to be tumor recurrence. The low levels of choline may be attributable to a mixture of tissue necrosis and recurrence inside the lesion.
Nuclear Medicine Imaging
Nuclear medicine uses weakly radioactive medicinal compounds known as radiopharmaceuticals to image the physiological properties of organs. The rationale for using nuclear medicine to differentiate between treatment necrosis and tumor recurrence is that the increased metabolism of an actively growing recurrent tumor will result in higher tracer uptake, compared with lesions resulting from treatment necrosis. There are 2 types of methods used for metabolic imaging of intracranial lesions: positron emission tomography (PET) and single photon emission CT (SPECT).
PET
PET produces 3-dimensional images of regional metabolic activity in a tissue based on the extent of radiotracer uptake. Fludeoxyglucose (FDG), a commonly used analogue of glucose, has been reported to be capable of distinguishing treatment necrosis from tumor recurrence with sensitivity and specificity in the ranges of 65%-81% and 40% -94%, respectively 54,63,103 -108 ( Table 5) . However, there are some features of FDG that limit its use: (1) FDG uptake in normal cortex is variable and may make it difficult to distinguish tumor from surrounding normal gray matter and (2) low-grade tumors appear to be metabolically similar to their surrounding normal tissues, thus hindering the detection and accurate delineation of observed lesions. Progressing tumors exhibit increased amino acid transport, and therefore, amino acid analogs, such as 3,4-dihydroxy-6- (Table 5 ). Amino acid analogs may perform better than FDG, because amino acids exhibit lower uptake in the normal cortex than does glucose, which would result in better contrast than FDG and, thus, more accurate detection of growing tumors.
11
C-MET has also been reported to be superior to FDG for detecting tumor recurrence and accurately determining a tumor's invasion into normal tissue for planning subsequent radiation therapy. Metabolite spectra corresponding to voxels selected inside the lesion. (B) Metabolite spectra corresponding to voxels selected inside the peri-lesional brain tissue. The lack of elevated choline (Cho) peak inside the lesion suggested treatment necrosis; however, histopathological verification proved it to be tumor recurrence.
However, the accumulation of F-FDOPA, with longer half-lives and lower normal gray matter tracer uptake have been investigated and reported to be superior to 18 F-FDG for detecting low-grade tumors and evaluating brain tumor recurrence, differentiating among tumor grades, and distinguishing tumor recurrence from treatment necrosis. 114 There are some features of PET imaging that limit its use for differentiating between tumor recurrence and treatment necrosis: (1) some conditions (e.g. epilepticus) can increase glucose metabolism in areas of the brain and may be misinterpreted as a progressing tumor, (2) radiation injury can trigger repair mechanisms that increase glucose metabolism in the brain and give the false impression of tumor recurrence, (3) PET images have generally low spatial resolution ( 5 mm) that limits their sensitivity in early detection of recurrence, and (4) there are risks to patients associated with exposure to ionizing gamma radiation. Most of the current commercially available scanners have the ability to perform PET in combination with CT. The combination of PET/CT helps with (1) better lesion localization by combining anatomical and functional information, (2) greater distinction between physiological (normal brain tissue) and pathological (tumor) radiotracer uptake that improves the sensitivity of detection using PET, and (3) improving the efficiency of the attenuation correction process (correcting for absorption by interposed tissue) in PET that reduces the scan time from approximately 60 min to 30 -45 min. Although PET/CT is more expensive than routine imaging (MRI or CT), it is covered by insurance and, thus, has potential clinical use. The only drawback in using this hybrid scan is that it involves patient exposure to ionizing radiation. However, significant attempts are being made to create combined PET/MR systems that would further improve the resolution and reduce the risk of exposure to ionizing radiation.
SPECT
SPECT is similar to conventional planar nuclear medicine imaging but provides additional 3-dimensional information about an organ by imaging from multiple angles with use of gamma rays. Several radiotracers such as Thallium-201 ( Tl is not incorporated into healthy brain tissue and has been reported to be superior to more powerfully differentiate treatment necrosis from tumor recurrence, compared with conventional structural imaging; 115, 116 however, there is some variability in the power of this method, which was recently reported to have sensitivity ranging from 43% to 100% and specificity ranging from 25% to 100% (Table 6) . 117 In addition,
201
Tl SPECT has low spatial resolution and requires relatively large radiation doses.
To overcome these limitations, several 99m
Technetiumbased tracers have been developed that have higher photon flux, thereby providing better spatial resolution and requiring lower radiation doses than 201 Tl (Table 6) . 118 -124 However, tracer uptake in the normal tissues of the choroid plexus and pituitary gland has limited their clinical use. The sensitivity of these tracers is also low when attempting to detect tumor recurrence in the posterior fossa region. P-glycoproteins may Tc-glucoheptonate is another technetium-based tracer that has been reported to exhibit diagnostic power similar to that of 99m Tc-tetrofosmin for detecting tumor recurrence 123, 125 and has the additional advantages of no uptake in the choroid plexus and not being targeted by P-glycoproteins. Barai et al. 125 compared the performance of 201 Tl and 99m Tc-glucoheptonate, reporting that both tracers accurately identified lesions resulting from treatment necrosis; however, Tc-glucoheptonate performed better on tumor recurrence lesions and provided important information about a tumor's margin, its extent of infiltration, and the amount of necrosis inside a lesion. Another commonly used tracer is an artificial amino acid, 123 I-IMT, which exhibits high uptake in tumors but is not incorporated into cellular proteins, meaning that its accumulation reflects only the amino acid transport. Studies have reported high accuracy of 123 I-IMT both for grading tumors and differentiating tumor recurrence from treatment necrosis; 119, 126, 127 however, low availability and low sensitivity to detect small lesions currently limit the use of 123 I-IMT. SPECT has poor spatial resolution ( 7 mm) and low SNR. The localization of radiotracer uptake is also difficult in SPECT, because its low spatial resolution does not allow accurate registration of the functional images with the anatomical images (from MRI or CT). Similar to PET/CT, the combination of SPECT/CT has also been proposed to overcome some of the limitations of SPECT, such as poor spatial resolution, low SNR, and poor localization of radiotracer accumulations. However, SPECT/CT never attained the popularity of PET/CT. This is because, unlike PET/CT, the addition of CT does not increase the speed of SPECT. Furthermore, the relative increase in cost of adding CT to SPECT scanners is much higher than adding CT to PET.
Multimodality Functional Imaging for Brain
Tumor Follow-Up
Functional imaging provides important physiological information that complements the anatomical information obtained through structural imaging and can be used to differentiate between tumor recurrence and treatment necrosis. However, the majority of studies thus far have considered imaging modalities independently or compared the performance of different tracers. Although functional imaging is capable of differentiating tumor recurrence from treatment necrosis, its reliability decreases when cases present with lesions resulting from a combination of recurrence and treatment necrosis. The relative abundances of tissue necrosis and growing tumor inside a lesion may skew the values of some quantitative parameters estimated from functional images and, thus, mislead the interpretation of a lesion as purely treatment necrosis, purely tumor recurrence, or even normal brain tissue.
To overcome these limitations, the combination of multiple imaging modalities has been proposed to be more powerful than a single modality approach for differentiating between treatment necrosis and tumor recurrence. Floeth et al. 128 reported that the accuracy to detect brain tumors increased from 68% to 97% when structural MRI was used in conjunction with FET-PET and MRS. Nakajima et al. 64 and Zeng et al. 39 also reported substantially improved discriminatory power when MRS was used in conjunction with DWI. Prat et al. 65 suggested that MRS and MR perfusion were the most promising imaging methods for detecting tumor recurrence, because both have good spatial resolution. They also discouraged the exclusive use of a single modality to observe patients because it decreased the positive predictive value of detecting tumor recurrence. In a recent study, Matsusue et al. 53 implemented Table 6 . Accuracy of SPECT in distinguishing between recurrent tumor (RT) and treatment necrosis (TN) using different tracer types. a multiparametric diffusion imaging, perfusion imaging, and MRS system and reported accuracy that was significantly better than that of any single modality for differentiating between tumor recurrence and treatment necrosis. Rock et al. 32 also reported that combining DWI and PET provided much more reliable differentiation between tumor recurrence and treatment necrosis. However, the use of multiple functional imaging methods is costly, extremely time-consuming, unlikely to be covered by most insurance plans at this time, and thus, impractical in the current clinical setting.
We propose a flexible treatment plan (Fig. 4) In the case of a new contrast-enhancing lesion observed on a patient's follow-up images, the physiological information from functional imaging modalities can be combined with information regarding patient demographic characteristics, therapeutic history, and the primary tumor type to help determine the etiology of the lesion and plan treatment accordingly. It is also possible for residual tumor to recur at the resection site, in which case the resection may show increased size and/ or contrast. Further investigation with functional imaging methods would help determine whether the enhancement at the resection site is a consequence of treatment necrosis or tumor recurrence. In addition, when the lesion at a resection site is shrinking or stable, a patient's clinical condition may be the most important information for determining a treatment's effectiveness. Symptom improvement indicates effective treatment, and patients can continue routine follow-up imaging until full recovery; in contrast, when a patient's condition is deteriorating, a change in treatment is needed.
Quantitative Morphological Analysis of Image Features
Although functional imaging methods show promise for differentiating tumor recurrence from treatment necrosis, the clinical use of most functional modalities is limited by acquisition variability, unreliable predictions, low clinical availability, high operational costs, and low insurance coverage. Moreover, most studies to evaluate functional imaging have had small sample size and lack of unambiguous pathological validation of the lesions considered. Therefore, functional imaging needs further evaluation to establish its reliability and robustness for differentiating between the 2 outcome types. The current standard of care for observing patients with brain tumor is structural MRI, often with the addition of DWI to provide additional functional information. However, tumor recurrence and treatment necrosis exhibit grossly similar characteristics (such as edema, necrosis, and mass effect) on such images. Radiologic images are currently interpreted through qualitative visual inspection, which limits the power for differentiating tumor recurrence from treatment necrosis. However, because the physiology underlying the development of treatment necrosis and tumor recurrence is different, it is reasonable to expect that there may be some fine-grained differences between these 2 outcomes that might not be obvious by visual inspection. Structural imaging features have been identified that hold promise for differentiating tumor recurrence from treatment necrosis.
1,2 However, previous investigations have often used image characteristics that were subjectively assessed and qualitatively defined and, therefore, potentially have interobserver variability. Moreover, qualitatively defined features cannot capture the fine differences that may separate images that are highly similar in overall appearance. Such drawbacks have resulted in limited success reported by such studies in differentiating between the 2 outcome types.
Quantitative MRI research in this domain to date has mainly been very basic investigation of low-level image features, such as sampling of image intensities in different regions of the lesion, which has limited success in distinguishing between the 2 treatment outcome types. 129, 130 Advanced approaches involving morphometric analyses of features observed on structural and functional imaging has been mostly unexplored for its potential to discriminate between treatment necrosis and tumor recurrence. Such an approach has been extensively used for noninvasive tumor grading, brain tumor classification, and predicting patient prognosis. 131 -136 A quantitative approach could address most of the limitations of the current methods of image interpretation and provide additional information about lesions to physicians to better discriminate between tumor recurrence and treatment necrosis.
Conclusion
Patients with brain tumor often develop new areas of contrast enhancement on routine follow-up imaging which can be the result of treatment necrosis, tumor recurrence, or a combination of the 2 outcomes. Identifying the etiology of a lesion is of vital importance in neuro-oncology for both diagnosis and treatment planning purposes. Structural imaging is widely used to observe patients with brain tumor but is generally thought to be inadequate for reliably distinguishing between treatment necrosis and tumor recurrence, because both lesion types appear to be grossly similar on imaging. The gold standard for differentiating between tumor recurrence and treatment necrosis is biopsy, which is expensive and involves risks associated with surgery. Therefore, there is an increased interest in neuro-oncology in the development of noninvasive methods that can differentiate between the 2 lesion types. A noninvasive method of differentiating between the 2 outcome types will help prevent unnecessary interventions in patients, reducing health care costs and improving patient survival and quality of life.
Functional imaging methods provide important physiological information about a lesion and can be helpful when attempting to differentiate between tumor recurrence and treatment necrosis. The majority of effort thus far has focused on investigating the efficacy of single functional imaging modalities; these studies have generally reported lower level evidence resulting from small sample sizes and lack of histopathological verification of lesion type. Furthermore, functional imaging has been reported to be inaccurate in classifying cases in which a lesion consists of a mixture of treatment necrosis and tumor recurrence. In such scenarios, the use of multiple functional imaging modalities would be recommended because the different modalities would each provide unique information about the physiology of the lesion. In addition, the use of multiple imaging methods is expected to have reduced chance of lesion misinterpretation relative to single imaging modality.
Although functional imaging methods have potential in differentiating between tumor recurrence and treatment necrosis, the clinical use of many functional modalities is currently limited by low availability of scanners, high operation costs, and lack of insurance coverage. Because reliable diagnosis may often require use of multiple functional imaging methods, these limitations make the use of many functional imaging techniques impractical in clinical settings. Although the gross appearances of treatment necrosis and tumor recurrence are similar on routine imaging, fine-grained differences between the 2 outcome types have not been investigated in much detail. Quantitative approaches involving morphometric analysis of image features observed on routine imaging hold promise in differentiating between tumor recurrence and treatment necrosis, addressing most of the limitations in earlier studies.
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